Impaired T lymphopoiesis is associated with immunosuppression of the adaptive immune response and plays a role in the morbidity and mortality of patients and animal models of sepsis. Although previous studies examined several intrathymic mechanisms that negatively affect T lymphopoiesis, the extrathymic mechanisms remain poorly understood. Here, we report a dramatic decrease in the percentage of early T lineage progenitors (ETPs) in three models of sepsis in mice (cecal ligation and puncture, lipopolysaccharide continuous injection, and poly I:C continuous injection). However, septic mice did not show a decrease in the number of bone marrow (BM) precursor cells. Instead, the BM progenitors for ETPs expressed reduced mRNA levels of CC chemokine receptor (CCR) 7, CCR9 and P-selectin glycoprotein ligand 1, and exhibited impaired homing capacity in vitro and in vivo. Furthermore, RNA-Seq analysis and real-time PCR showed a marked downregulation of several lymphoid-related genes in hematopoietic stem and progenitor cells. Hematopoietic stem and progenitor cells differentiated into myeloid cells but failed to generate T lymphocytes in vitro and in vivo. Our results indicate that the depletion of ETPs in septic mice might be a consequence of an impaired migration of BM progenitors to the thymus, as well as a defect in lymphoid lineage commitment. STEM CELLS 2016;34:2902-2915 
INTRODUCTION
Sepsis is one of the most challenging clinical problems worldwide, and constitutes the leading cause of death in many intensive care units [1] [2] [3] [4] . As a systemic inflammatory response to infection, sepsis triggers both proinflammatory and anti-inflammatory responses [5] . Following a short proinflammatory phase, patients with sepsis enter a stage of prolonged suppression of innate and adaptive immunity, which increases the susceptibility to secondary infections [6] [7] [8] . Several clinical studies have demonstrated that both a decrease in functional immune cells (such as granulocytopenia and lymphopenia) and expansion of immunosuppressive cells [such as regulatory T cells and myeloid-derived suppressor cells (MDSCs)] contribute to sepsis-associated immunosuppression, and are closely related to the morbidity and mortality of septic shock [6, [8] [9] [10] [11] .
Blood cells originate from hematopoietic stem cells (HSCs) in the bone narrow (BM), which possess a unique capacity for self-renewal and multilineage differentiation [12] [13] [14] . Under steady-state conditions, immune cell homeostasis is maintained by a balance between productive hematopoiesis and cell death. During immune responses to acute infections, a process termed "emergency hematopoiesis" is triggered to meet the enhanced demand for appropriate immune cells and to replenish the loss of immune cells caused by infection [15, 16] . Granulocytes are short lived (12-24 hours) and are the predominant cell type that expands during bacterial infection [17] ; therefore, the mechanisms regulating "emergency granulopoiesis" have attracted considerable attention [18] [19] [20] . In contrast to a Institute of Infectious Diseases, Beijing Ditan Hospital, Capital Medical University, Beijing, China; enhanced granulopoiesis, impaired lymphopoiesis, especially impaired T lymphopoiesis, is commonly observed in septic patients and in animal models of sepsis [21] [22] [23] [24] [25] [26] .
According to the site of development, T cell development can be subdivided into intrathymic and extrathymic stages [27, 28] . In mice, the traditional scheme of hematopoiesis begins with HSCs that belong to the BM Lin -
Sca1
1 c-Kit [35, 36] . When directly placed in the thymic environment, HSCs, MPPs, LMPPs and CLPs are capable of producing progeny of the T cell lineage [37, 38] . However, in vivo studies have indicated that only LMPPs and CLPs migrate into the thymus [38, 39] [37, 40, 41] . Acute thymic atrophy is a common feature of infectious diseases and a major cause of T lymphopenia [42] . Recent studies suggest that infection-induced acute thymic atrophy is caused by intrathymic mechanisms that negatively affect thymopoiesis, including a rise in thymocyte apoptosis caused by proinflammatory cytokines and glucocorticoids [42] [43] [44] [45] . Thymus-centered immunotherapeutic approaches might represent a new tool for treating severe infectious diseases. However, our knowledge about the mechanisms responsible for defects in emergency hematopoiesis during sepsis is limited to the intrathymic stage. The extrathymic mechanisms remain poorly understood.
Here, we report a dramatic decrease in ETPs in mice with sepsis. More importantly, we showed that such a depletion of ETPs was not a consequence of a decrease in their BM precursor cells, but rather due to impaired migration of BM progenitors to the thymus, as well as an alteration of lineage commitment in favor of a myeloid lineage.
METHODS

Mice and Sepsis Models
All procedures performed on animals were approved by the Animal Care Research Ethics Committee of the Capital Medical University of China. Adult 8-10-week-old (18-20 g) C57BL/6 male mice were purchased from the Animal Experimentation Center of the Chinese Academy of Medical Sciences. Cecal ligation and puncture-induced polymicrobial sepsis was performed as described previously [46] , with a 21-gauge needle to induce polymicrobial peritonitis. The survival rate was 40-60%. Sham-operated mice underwent the same procedure, including opening the peritoneum and exposing the bowel, but without ligation or needle perforation of the cecum. After surgery, the mice were injected with 1 ml physiological saline solution for fluid resuscitation. All mice had unlimited access to food and water both pre-and postoperatively. Other models of sepsis were subjected to intraperitoneal inoculation of 2.5 mg/kg of Escherichia coli lipopolysaccharide (LPS; SigmaAldrich, St. Louis, Missouri, http://www.sigmaaldrich.com/) or 10 mg/kg poly I:C (InvivoGen, San Diego, California, http:// www.invivogen.com/). The survival rates of these two models were 40-50%.
Flow Cytometry Analysis and Sorting
Antibodies were from BD Bioscience (San Diego, California, http://www.bdbiosciences.com/) and Ebioscience (San Diego, California, http://www.ebioscience.com/). Identification of defined hematopoietic stem and progenitor cells (HSPCs) was performed as described previously [47, 48] 
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-FcgRII/III hi ). Staining was performed with the following antibodies: CD3e (145-2C11), CD4 (GK1.5), CD8a (53-6.7), CD11b (Mac-1,M1/70), CD19 (1D3), CD25 (PC61.5), CD34 (RAM34), CD44 (IM7), CD49b (DX5), CD117 (c-Kit, 2B8), CD127 (IL-7Ra, SB/199), CD135 (Flt-3,A2F10.1), CD45R/B220 (RA3-6B2), FcRgII/III (2.4G2), Gr-1 (RB6-8C5), NK1.1 (PK136), Sca-1 (E13-161.7), TCRb (H57-597), and TCRgd (GL3). HSCs, MPPs, LMPPs, CLPs, CMPs, GMPs, and MEPs lineages contained biotinylated antibodies against CD3e, CD45R/B220, Gr-1, Mac-1, and Ter-119. The thymic ETP lineage cocktail contained CD3e, CD8a, CD45/B220, Gr-1, Mac-1, Ter-119, NK1.1, CD49b, TCRgd, and CD25 antibodies. FACSCalibur and FACSAria II (BD Biosciences) were used for analysis and sorting. Data were analyzed with FlowJo software (Tree Star, Ashland, Oregon, http://www.flowjo.com/).
Cell Proliferation and Apoptosis Analysis
Cell proliferation analysis was performed using a FITC Ki-67 Set (BD Biosciences) following the manufacturer's instructions, in combination with markers for HSPCs. Apoptosis rates were measured using an Annexin V-FITC Apoptosis Detection Kit (Biolegend, San Diego, California, http://www.biolegend.com/). Samples were analyzed by flow cytometry.
Chemotaxis Transwell Assays
In vitro migration was evaluated using a Transwell chamber (Millipore, Billerica, Massachusetts, http://www.merckmillipore. com/). The upper and lower wells were separated on a 6.5-mm diameter, 8-lm pore size, polyvinylpyrrolidone-free polycarbonate filter. The control medium (RPMI 1640 with 0.5% BSA), or RPMI 1640 medium with 0.5% BSA and different 100 ng/ml recombinant mouse chemokines [CC chemokine ligand 19 (CCL19), CCL25 (ProSpec, Ness-Ziona, Israel) and P-selectin (R&D Systems, Minneapolis, Minnesota, https://www.rndsystems.com/)] were applied to the lower chamber of a Transwell (24-well plate) chamber. BM was harvested and cultured at 378C for 90 minutes to allow for surface recycling of internalized chemokine receptors and to remove adherent cells. Cells 
Short-Term Thymic Homing Assays
RNA Sequencing and Analysis
Batches of approximately 10,000 HSCs were sorted from sham-operated and sepsis mice. RNA was extracted with the RNeasy Micro Kit (QIAGEN, Dusseldorf, Germany, https:// www.qiagen.com/) and libraries were generated with Illumina TruSeq RNA Sample Prep Kit (Illumina, San Diego, California, www.illumina.com/). Illumina Genome Analyzer IIx system was used for sequencing to produce 100 bp paired-end reads. The RNA-seq data described in this publication have been deposited in the GenBank database (Accession No. 5 SRP065520).
Quantitative RT-PCR Analysis of Gene Expression
Approximately 5-10 3 10 3 HSCs, MPPs, LMPPs or CLPs or 5mg thymus tissue from three or four control or septic mice were collected and pooled. All real-time probes were purchased from Applied Biosystems (Carlsbad, California, http:// www.appliedbiosystems.com/). RT-PCR was performed according to the manufacturer's instructions on an ABI PRISM 7500 (Applied Biosystems). Expression of the gene of interest was calculated relative to the levels of glyceraldehyde-3-phosphate dehydrogenase mRNA. The expression levels are presented as fold change relative to values obtained with the respective control (set as one fold), and were the results of triplicate experiments with independently sorted cells.
Signal Joint T-Cell Receptor Excision Circle (TREC) Analysis
The CD4 1 and CD8 1 T-cell subsets were isolated from control and septic splenocytes using CD4 and CD8 T cell-positive microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany, http://www.miltenyibiotec.com/), respectively. The sorted cells were lysed in 100 mg/l proteinase K (Sigma-Aldrich) for 1 hours at 568C followed by 10 minutes at 958C. The amount of TRECs in 5 3 10 6 cells was determined by real-time quantitative PCR. PCR was performed with mdRec and wJa specific primers and mdRec wJa fluorescent probe as described previously [51] . The standard curves for murine TRECs were generated using dRec wJa. TREC PCR product was cloned into a mouse sjTREC plasmid, a generous gift from Dr Gregory D. Sempowski (Duke University Medical Center, Durham, North Carolina, https://medschool.duke.edu/).
Colony-Formation Assays
For colony-forming unit in culture (CFU-C) assays, single-cell suspensions of BM (2.5 3 10 4 cells/ml) were plated in triplicate in 1 ml methylcellulose medium (MethoCult GF M3434; StemCell Technologies, Vancouver, BC, Canada, https://www. stemcell.com/) in 35-mm Petri dishes and incubated at 378C in 5% CO 2 . Purified recombinant murine (rm) IL-3 (50 ng/ml), rmIL-6 (10 ng/ml), stem cell factor (SCF, 10 ng/ml) and rm granulocyte-macrophage colony-stimulating factor (GM-CSF, 10 ng/ml) purchased from PeproTech (Rocky Hill, New Jersey, https://www.peprotech.com/) were used. 
OP-9 and OP9-DL1 Cocultures
Competitive Bone Marrow Transplantation
Tester LMPPs or CLPs (CD45.2) from sham or septic mice were mixed with competitor CD45.11 LMPPs or CLPs from normal mice at a ratio of 1:1, and injected into Rag-2 -/-recipient mice semi-lethally irradiated with 2.5 Gy (n 5 6 per group). Reconstitution of donor lymphoid cells was monitored by staining peripheral blood cells with antibodies against CD45.1, CD45.2, CD3, and B220.
Determination of Lymphocytes and Myeloid Cells in Blood and Spleen
Cell counts were determined in EDTA-treated whole blood and single-cell suspensions of spleen using a standard flow cytometry technique with a TruCOUNT tube (BD Biosciences). The absolute numbers of lymphocytes and myeloid cells stained for CD45/CD3/B220/Mac-1 were analyzed with Multi-SET software (BD Biosciences).
Statistical Analysis
Data were expressed as the mean 6 SEM. Differences between control and model groups were evaluated using independent-sample t-tests. All p-values were two-sided, and p < .05 was considered statistically significant. Statistical analysis was performed using Graph-Pad Prism software (GraphPad software, La Jolla, California, http://www.graphpad.com/).
RESULTS
Decreased ETP Number was Correlated with T-Cell Lymphopenia and Thymic Atrophy in Septic Mice
In line with previous studies, mice subjected to cecal ligation and puncture developed severe T-cell lymphopenia 2904 Sepsis Impairs Extrathymic T Lymphopoiesis V C AlphaMed Press 2016 (Supporting Information Fig. S1A, S1B ). Despite total T-cell count recovery on day 7 after the operation (Supporting Information Fig. S1A ), we only observed increased percentages of effector/memory (E/M) CD4
1 and E/M CD8 1 cells, while the percentages of naive CD4 1 and naive CD8 1 cells declined (Fig. 1A) . Moreover, lower numbers of TRECs were detected in septic mice compared with control mice (Fig.  1B) , which suggested a decrease in T-cell output from the thymus.
In agreement with the decreased thymic output, gross examination of thymi revealed a reduction in overall size in septic mice compared to the sham controls (Fig. 1C) . On histologic examination, thymi from septic mice showed a disordered structure and obliteration of cortico-medullary junctions (Fig. 1D) . Total thymus cellularity and cell count of the DN, DP CD4 1 and CD8 1 SP fractions were significantly decreased in septic mice (Fig. 1E, 1F and Supporting Information Fig. S1C , S1D). In accordance with previous studies [52, 53] , septic mice exhibited an increased Annexin V 1 fraction in the thymocyte subsets when compared with control animals (Supporting Information Fig. S1E ), suggesting that more thymocytes underwent apoptosis in these mice. Next, we investigated whether sepsis affected intrathymic progenitors.
There was a dramatic decline in the proportions as well as absolute numbers of ETPs (Lin
in the thymi of septic mice ( Fig. 2A, 2B ). The percentage of ETPs correlated positively with the number of thymocytes (r 5 0.6481, p 5 .0005, Fig. 2C ). Decreased Thymic ETP Counts in Septic Mice were Not Due to a Depletion of BM HSPCs
ETPs lack self-renewal abilities and require replenishment by progenitors that migrate from the BM [27] . Therefore, we examined whether a decrease in the thymic ETP count in septic mice was correlated with a depletion of BM HSPCs. Mice challenged with cecal ligation and puncture showed elevated absolute numbers and percentages of HSCs, MPPs, LMPPs and CLPs, as well as myeloid progenitor GMPs (Fig. 3A-3F and Supporting Information Fig. S2) , including most myeloid progenitors) cells and CLPs were detected in mice subjected to cecal ligation and puncture, which indicated that sepsis might promote cell death of BM LSK cells, LK cells and CLPs (Supporting Information Fig. S3A-S3C ). However, an increased Ki-67
1 fraction was also observed in BM HSPCs in these septic mice, indicating that sepsis might induce a universal proliferation of BM HSPCs (Supporting Information Fig.  S3D-S3F ). Therefore, the net effect of proliferation and apoptosis during emergency hematopoiesis may be an expansion of HPSC pools.
Decreased Expression of Chemokine Receptors Contributed to Impaired Homing Capacity of BM Lymphoid Progenitors in Septic Mice
Previous studies have indicated that BM LMPPs and CLPs migrate into the thymus to generate ETPs via interaction between chemokines and chemokine receptors [28, 38] . To test whether acute infection affects chemotaxis of BM precursors of ETPs, we performed in vitro transwell migration assays with sorted LMPPs and CLPs. Compared with the progenitors from control mice, LMPPs and CLPs from septic mice exhibited significantly reduced chemotaxis towards chemokine gradients, including CCL19, CCL25, and P-selectin (Fig. 4A ). To confirm in vitro migration results, we next applied in vivo short-term thymic homing assays. 5 3 10 5 lin -cells sorted from control and septic mice bone marrow were labeled with TRITC or CFSE, respectively; then adoptively transferd into normal mice at 1:1 ratio. Twenty-four hours later, we analyzed the percentage of TRITC (Fig. 4B ). In line with these results, real-time PCR revealed decreased mRNA levels of CC chemokine receptor (CCR)7 (receptor of CCL19 and CCL21), CCR9 (receptor of CCL25), and P-selectin glycoprotein ligand (PSGL)1 in BM LMPPs and CLPs from septic mice compared with those from control mice (Fig. 4C) . By contrast, thymic tissues of septic mice expressed higher levels of mRNA for CCL19, CCL21 and CCL25 (Fig. 4D) . These results indicated that decreased expression of chemokine receptors might contribute to impaired homing capacity of BM lymphoid progenitors in septic mice.
Sepsis Triggered Differentiaiton of HSCs in Favor of Myelopoiesis over Lymphopoiesis
To investigate whether sepsis affected the differentiation program of HSPCs, we first used RNA-seq analysis to identify 12283 genes expression in HSCs sorted from control and septic mice. Sixty-nine lymphopoiesis-related genes and 57 myelopoiesis-related genes were further selected as a candidates in our analysis. As shown in Figure 5A , RNA-seq analysis revealed a tendency of down-regulation of lymphoid genes and up-regulation of myeloid genes in HSCs from septic mice, which indicates that sepsis might induce HSC reprogramming and cell fate transition in faver of myeloid development. This notion was further confirmed by real-time PCR analysis. HSCs, MPPs, LMPPs and CLPs from mice challenged with cecal ligation and puncture showed downregulated expression of several genes important for lymphoid lineage commitment, including Notch1, IL-7R, Flt-3, Ikaros, Egr-1 and Rag-1 (Fig. 5B-5E ). Unlike a universal downregulation of genes related to lymphoid development, the genes involved in myeloid lineage commitment displayed distinct patterns of kinetic change in different progenitors, including HSCs and MPPs, following cecal ligation and puncture. Real-time PCR revealed increased expression of C/ EBPa, stable M-CSFR levels, and decreased expression of PU.1, GM-CSFR and G-CSFR (Supporting Information Fig. S4A, S4B ). Similar results were obtained by in vitro stimulation with LPS or poly I:C (Supporting Information Fig. S5 ).
We examined whether alterations in gene expression in BM HSCs and MPPs affected the homeostasis between myeloid and lymphoid progenitors. Despite marked increase of both myeloid and lymphoid progenitors in the BM (Fig. 3A-3F ), the ratio of CLPs to GMPs in the BM showed a significant decline (Fig. 3G) . Consistent with in vivo observations, we found that a combination of IL-3, IL-6 and SCF or GM-CSF elicited a significantly higher number of myeloid colonies from BM cells of septic mice than from those of sham controls (Supporting Information Fig. S4C ). However, in contrast to the enhanced myelopoiesis in septic mice, a defect in vitro T cell development was observed in response to culture of LSK cells on OP9-DL1 cells. As shown in Figure 6A -6E, when hematopoietic progenitor cells were treated with LPS, the majority of these cells delayed to differentiate from DN1 to DN2, DN3 and DP at day7 and 10 of culture on OP9-DL1 cells. To further determine the lymphoid resconstituting abilities of septic HSPCs, we mixed 1000 competitor LMPPs (CD45. 1 1 ) with LMPPs sorted from sham mice or septic mice (both CD45. 2 1 ) at a 1:1 ratio, then transplanted these donor cells into semilethally irradiated Rag-2 -/-recipients. Eight weeks after transplantation, LMPPs from sham mice successfully reconstitute T lymphoid lineages in irradiated Rag-2 -/-recipients, whereas LMPPs from septic mice gernerated dramatically less T cells (Fig. 6F-6G ) and B cells (data not shown). Interestingly, we also observed a strong reduction of B220 1 CD19 1 B cells to the extent of an increased myeloid population (Mac1 1 ) after 7 days on OP9 cell culture in the presence of LPS, even though we added lymphoid-specific cytokines (IL-7 and Flt3) to the coculture and no cytokines could support myeloid differentiation (Supporting Information Fig. S6A ). The same effect on OP9-DL1 cells was also observed (day 10 and 14) (Supporting Information Fig. S6B ). These observations further indicated that sepsis might cause an overwhelming myeloipoiesis at the expense of impaired lymphopoiesis.
Extramedullary Hematopoiesis Favored Myelopoiesis Rather than Lymphopoiesis
Sepsis can induce extramedullary hematopoiesis in the spleen. Universal expansion of both myeloid and lymphoid progenitors was observed in the spleen of septic mice (Fig.  7A, 7B) ; however, a reduction in the ratio of CLPs to GMPs was also observed (Fig. 7C) . The number of LK cells (including most myeloid progenitors) retained in the peripheral blood of septic mice decreased slightly, whereas LSK cells and CLPs in the blood increased significantly (Supporting Information Fig.  S7 ). This suggested that myeloid progenitors rather than lymphoid progenitors migrated into the spleen from the BM and contributed to extramedullary hematopoiesis during sepsis. Moreover, splenic HSPCs exhibited a similar pattern of gene expression of key regulators of lineage commitment as that of BM HPSCs (Supporting Information Fig. S8A, S8B) . These results suggested that extramedullary hematopoiesis in septic mice also favored myelopoiesis rather than lymphopoiesis.
TLR-Agonists LPS And Poly I:C Induced Similar Defects in Early Lymphopoiesis
Mice received continuous injection of LPS or poly I:C to mimic sepsis induced by bacterial or viral infection. Similar to the responses to cecal ligation and puncture, we found severe lymphopenia, thymus involution related to decreased ETP numbers, expansion of HSPC pools, and impaired chemotaxis of lymphoid progenitors in both models (Supporting Information Figs. S9-S17). These data indicated that continuous stimulation of TLR-agonists might induce similar defects in lymphopoiesis to those caused by cecal ligation and puncture.
DISCUSSION
Previous studies showed that apoptosis of thymocytes plays a key role in lymphopenia [42, [54] [55] [56] . In the present study, we identified two extrathymic mechanisms responsible for impaired emergency lymphopoiesis: defective homing of lymphoid progenitors from the BM to the thymus, and an altered lineage development in favor of myelopoiesis over lymphopoiesis.
In the present study, we elucidated a novel intrathymic mechanism underlying impaired lymphopoiesis, namely a decrease of ETP frequency in the thymus of septic mice. ETPs are the most primitive progenitors in the thymus; therefore, our findings imply that the disturbed T-cell development might start at an early stage of thymopoiesis. This notion was supported by a positive correlation between the percentage of ETPs and thymocyte counts, as well as an obvious reduction of thymocyte output in septic mice. Since ETPs are downstream of several progenitors with lymphoid differentiation potential in the BM, the defect in ETPs prompted us to investigate the upstream, extrathymic mechanisms responsible for defective lymphopoiesis associated with sepsis.
The results of this study indicated that the restricted homing capacity of lymphoid-primed progenitors to the thymus contributed to the decrease in ETPs. BM progenitors must emigrate to the blood and settle in the thymus to contribute to T-cell development [27, 38, 57] . Despite a profound expansion of HSPCs in the BM, as well as increased hematopoietic progenitors in the peripheral blood (Supporting Information  Fig. S7 ), in vivo and in vitro experiments revealed impaired chemotaxis of BM progenitors. This finding might explain the discrepancy between expanded BM HSPCs and reduced ETPs in the thymus. Although higher levels of CCL19, CCL21 and CCL25 were detected in the thymus of septic mice, we found reduced levels of CCR7, CCR9 and PSGL1 in BM progenitors. Previous studies showed that a variety of stimuli, including endotoxin, phorbol 12-myristate 13-acetate, granulocyte colony-stimulating factor and GM-CSF downregulate PSGL-1 expression on neutrophils and monocytes [58] [59] [60] . IL-2 in combination with IL-4 attenuates the expression and function of CCR9 in CD4 1 T cells [61] . Thus, endotoxin and sepsisinduced cytokines might contribute to the downregulation of these receptors in BM progenitors. Further studies are required to identify the regulatory mechanisms and molecules involved in the disturbance of thymus homing. In addition to impaired homing capacity, we found that sepsis might enhance myelopoiesis at the expense of lymphopoiesis. BM hematopoiesis is a complex process regulated by multiple factors, including self-renewal, proliferation, apoptosis, and differentiation [62, 63] . Competitive transplantation experiments have demonstrated that infection (or TLR signaling) can induce stem cells to enter the cell cycle, which subsequently impairs their self-renewal capacity [64] . However, we did not observe a universal decrease in different lineages of blood cells or hematopoietic exhaustion, suggesting that the defective stem cell self-renewal capacity was not the main cause of the impaired T lymphopoiesis observed in the present study. Despite the fact that HSCs, MPPs, LMPPs, and CLPs from septic mice exhibited dramatically decreased expression levels of several lymphoid differentiation-related genes, the absolute numbers and percentages of LMPPs and CLPs were increased. A profound expansion and increased proliferation of LMPPs and CLPs at an early stage of sepsis could explain these results. By contrast, the expression levels of myeloid differentiation-related genes were elevated or only slightly reduced in these progenitors. These observations were further supported by OP9-DL1 coculture experiments and competitive BM transplation with LMPPs to assess T cell development and colony-forming assays to examine myeloid development.
Our study on the differentiation and homing of lineage progenitor cells is limited in that the characterization of these progenitors is largely based on specific cell surface markers dissected by flow cytometry. This is a common dilemma in the field as the expression level of progenitor markers can be influenced by factors other than the differentiation status. For instance, it has been observed that elevation of inflammatory cytokines (often refered as cytokine storm), a frequent clinical phenomenon during early phase of sepsis, significantly altered surface expression of sca-1 and c-kit on HSPCs [65] [66] [67] . In our study, carefully kinetic analysis demonstrated consistent results even on and after day 7 post infection, which is most likely passed the stage of cytokine storm. This observation argues against a major confounding effect from inflammatory cytokines. Nevertheless it is important to note that some experiemental manipulations may cause a level change of the surface expression of key markers for progenitor cells. Thus extra caution needs to be paid during data interpretation for these studies. Dedicated investigation on stable molecular markers or quantitative functional assays will help to address this issue.
Lineage commitment of HSCs is strictly controlled by both extrinsic factors (including cytokines, direct cell-cell interactions) and intrinsic mechanisms (including transcription factors, cytokine receptors and other regulatory molecules) [68] [69] [70] . Ueda et al. reported that inflammation promotes granulopoiesis over B lymphopoiesis by modulating the expression of lymphoid, but not myeloid, growth factors in the BM [21, 22] . Nevertheless, we found that sepsis perturbed lineage development in favor of myelopoiesis over lymphopoiesis by differentially regulating intrinsic factors, including transcription factors and cytokine receptors. Moreover, despite an increase in the percentage of LMPPs among total BM cells, the proportion of LMPPs among total LSK cells was significantly reduced (Fig. 3H) , which indicated that HSCs lost their ability to develop into LMPPs under conditions of sepsis. The decreased ratio of CLPs to GMPs in the late-stage septic BM further supported the notion of a lineage imbalance. In addition, sepsis affected both intramedullary and extramedullary hematopoiesis, as indicated by disturbed lymphopoiesis in the BM and spleen (Supporting Information Fig.  S8 ). Furthermore, in agreement with Ueda's research [21, 22] , we found that B lymphopoiesis was also inhibited in septic mice (Kong and Zeng, unpublished data), which implied broad defects in lymphopoiesis. The defect in T lymphopoiesis was more dramatic, possibly because of the defective homing to the thymus of BM lymphoid-primed progenitors.
Recently, Rodriguez et al. reported dysfunctional expansion and a block of myeloid differentiation of HSCs in lethal septic mice infected with Pseudomonas aeruginosa, which indicated that short-term toxicity during lethal infection might result in a distinct hematopoietic response [64] . Compared to the develoment process of myeloid lineage, lymphocyte development is more complicated and takes longer time. Thus, the alteration of lymphopoiesis might not be fully explored in lethal septic mice, most of which survived less than 24 hours. In this study, we used sublethal models to present a more general response to infection. Most results obtained in mice using polymicrobial models are reproducible in models based on the administration of TLR ligands; therefore, impaired lymphopoiesis might be a general response to many infectious agents [21, 22, 71] . Minor differences among different animal models can be explained in two ways. First, cecal ligation and puncture is a standard method for polymicrobial sepsis induction [46] , whereas LPS and poly I:C only partially mimic infection with Gram-negative bacteria and viruses, respectively. Second, the cecal ligation and puncture model mimics an infection gradually coming under control, indicating that the hematopoiesis might gradually recover along with the healing process. By contrast, daily administration of TLR ligands stimulates the hematoimmune system in a pulse manner.
In line with the shift in differentiation in favor of myelopoiesis in the BM and spleen of septic mice, we observed profound extramedullary myelopoiesis, as indicated by a marked increase in the percentages of CMPs, GMPs as well as CD11b the level of stem cells and primitive progenitors, indicating that the defects might be amplified at more mature stages in several cell types, and hosts need more time to recover from the defects in immune homeostasis. These mechanisms might be involved in various pathological conditions associated with infection. Therefore, such insights might further provide a rationale for manipulating immune responses and designing effective immunotherapeutic strategies for a variety of inflammatory diseases.
